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Abstract
We investigated the gravitational potential and mass distribution in the Galactic Center by examining the morphology and kinematics of the
circumnuclear gaseous disk revealed by the molecular line data from the ALMA CMZ Exploration Survey (ACES). We obtain an estimate for
the shape of the potential to reproduce the observed properties of the circumnuclear gas disk (CND) by simulating the motion of test particles
for various axial ratios and show that the potential is approximately spherical. We construct a rotation curve by applying the terminal velocity
method to the position-velocity diagrams, and calculate the mass distribution in the Galactic Center, assuming spherical mass distribution. The
volume mass density is approximately given by ρdyn ∼ 2× 105(R/1pc)−1.5 M⊙•pc−3, where R is the distance from the nucleus. We discuss
the tidal effect caused by the gravitational potential that produces the rotation curve and show that the gas disk is stable against self-gravitational
contraction within a critical radius of RT ∼ 14 (ρgas/105H2 cm−3)−1/2 pc. This suggests suppression of star formation and a top-heavy IMF in
the circmunuclear region.
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1 Introduction1

The central molecular zone (CMZ) of our Galaxy is a high-density2

molecular gas disk with moderate star formation (Henshaw et al.3

2016; Henshaw et al. 2023; Sofue 2022; Battersby et al. 2025),4

which rotates in the deep gravitational potential of the Galactic5

bulge and the central supermassive black hole. Recently, we6

(Sofue et al. 2025a; Sofue et al. 2025b) showed that the CMZ7

is composed of several rotating arms and rings using the molec-8

ular line cube data taken by the large project ACES (ALMA9

CMZ Exploration Survey) (Longmore et al. 2025; Ginsburg et al.10

2025; Walker, D. L., et al. 2025; Lu, Xing al. 2025; Hsieh, P-Y., et11

al. 2025). We argued that the kinematic properties of the molecular12

gas in the position-velocity diagrams (PVD) provide information13

about the gravitational potential in which it is orbiting.14

The innermost region is known to have the cicumnuclear disk15

(CND) identified as Arm VI in Sofue et al. (2025a), which is a16

high density molecular torus of radius ∼ 2 to ∼ 10 pc (Oka et al.17

2011; Liu et al. 2012; Mills et al. 2013; Mills et al. 2017; Hsieh et18

al. 2017; Hsieh et al. 2021; Tsuboi et al. 2018). The CND ex-19

hibits two-fold dynamical properties that it is a torus being fu-20

eled from the outer arms of the CMZ and is fueling the more21

inner region including the nucleus and the minispiral (Paumard22

et al. 2004; Kunneriath et al. 2012; Liu et al. 2012; Moser et al.23

2017; Tsuboi et al. 2016; Tsuboi et al. 2017).24

Extensive hydrodynamical simulations have been performed25

to study the evolution and gas dynamics in the Galactic Center26

(Kruijssen et al. 2019; Krumholz et al. 2017; Dale et al. 2019;27

Ridley et al. 2017; Sormani et al. 2022; Tress et al. 2020; Hunter28

et al. 2024). In the current works, it has been assumed that the un-29

derlying mass distribution to create the gravitational potential has30

a simple analytical form as follows: (i) Plateau or finite peak type31

density distribution as ρ ∝ 1/(1 + (R/a)n) (Miyamoto & Nagai32

1975) or ρ ∝ exp(−b(R/a)n) (Launhardt et al. 2002), where R33

is the radius from the nucleus, a, b and n are constants. (ii) Cusp34

type with infinite central density as ρ ∝ R−n with n = 2 (Binney35

et al. 1991) or n=1 (Navarro et al. 1997). In 2D or 3D treatments,36

the scale radii and height are taken as free parameters to represent37

the shape of the potential.38

In order to construct a more realistic model to understand the39

CMZ, which is a gaseous disk orbiting in the gravitational poten-40

tial, the determination of the underlying potential based on obser-41

vations is crucial. The molecular line data of ACES, covering the42

entire CMZ from the nucleus to its edge at high angular and ve-43

locity resolutions, are ideal for this purpose. In this paper, we aim44

at constraining the gravitational potential of the GC region by an-45

alyzing the position-velocity (PV) diagrams of the CS (J =2−1),46

H13CN (J = 1− 0) and H40α line data from ACES.47

There are two approaches to study the potential or, equivalently,48

the mass distribution. One way is to measure the surface den-49

sity distribution of stars using infrared photometry (Fritz et al.50

2016; Nishiyama & Schödel 2013; Portail et al. 2017; Gallego-51

Cano et al. 2020). The other method is to measure the rotation52

curve (RC) of the gaseous disk and/or the velocity dispersion of53

the stars (Sofue & Rubin 2001; Sofue 2020). We adopted the RC54

method and applied it to the position-velocity diagrams (PVD) in55

the molecular and recombination lines of the CMZ taken from the56

ACES data cubes.57

This paper is structured as follows. In Section 2 we describe 58

the kinematic properties of inner molecular disks, particularly the 59

circumnuclear disk (CND). In Section 3 we perform test-particle 60

simulations of the kinematical evolution of a molecular cloud and 61

give a constraint on the shape of the potential, which will be shown 62

as spherical. In section 4, we derive the terminal velocity (TV) 63

curve of the CMZ using the longitude-velocity diagrams in the CS 64

and H40α lines. In Section 5 we calculate the dynamical mass 65

distribution in the Galactic Center, assuming that the gravitational 66

potential is nearly spherical in the entire CMZ, Section 6 is devoted 67

to analyzes of the stability and tidal effect on a molecular clump in 68

the molecular disk with the observed rotation curve. Section 7 is a 69

summary of the work. We adopted a distance R0 = 8.2 kpc to the 70

GC, close to the recent measurement (Gravity Collaboration et al. 71

2019). 72

2 Data and maps 73

We describe the data and maps used in this paper. 74

2.1 Data 75

The molecular line cubes in this work were taken from the inter- 76

nal release version of the 12m + 7m + TP (Total Power) mode 77

data from the ALMA Cycle 8 Large Program "ALMA Central 78

Molecular Zone Exploration Survey" (ACES, 2021.1.00172.L; 79

Longmore et al. (Longmore et al. 2025). ACES observed the CMZ 80

in ALMA Band 3, covering a frequency range of ∼86–101 GHz in 81

six spectral windows of varying spectral resolution and bandwidth. 82

In this paper we use the lines CS (J = 2− 1) (CS) and H13CN 83

(J=1−0) (HCN) to trace the dense molecular gas (Shirley 2015). 84

The CS (J = 2− 1) and H13CN (J = 1− 0) line data at frequen- 85

cies of 97.9810 and 86.3399 GHz had angular resolutions of 2′′.21 86

and rms noise of 0.004 Jy beam−1(0.10 K) with velocity chan- 87

nel increments of 1.45 and 0.85 km s−1, respectively. We also 88

used the H40α line at 99.02295 GHz to trace the ionized gas of 89

the minispiral in the innermost region around Sgr A∗ at the same 90

angular resolution and a velocity resolution of 1.5 km s−1. The 91

intensity scales are in Jy beam−1, and 1 Jy beam−1= 26.1 and 92

22.2 K in the main-brightness temperature (TB) at 98 and 86 GHz, 93

respectively. In the present work, we cut out the innermost re- 94

gions from the ACES cubes, which cover a region of the CMZ at 95

−0◦.6<∼ l <∼+0◦.9 and −0◦.3<∼ b<∼+0◦.1 with spatial and velocity 96

grids of (0′′.5× 0′′.5× 0.15 km s−1) (Longmore et al. 2025). 97

We mention that the CS (J =2−1) line is typically a tracer that 98

may be moderately optically thick. Linke & Goldsmith (1980) 99

find opacities of 0.3 - 3.0 in classical star-forming regions of the 100

Galactic disk, while Humire et al. (2020) find values of 1.0 - 2.8 in 101

Galactic center clouds. On the other hand, H13CN (J =1−0) line 102

is optically thin almost everywhere (Liu et al. 2023). This property 103

will be used to argue for the reality of the central hole in the CND 104

in subsection 2.4. 105

2.2 Maps 106

Figure 1 shows the moment 0 (integrated intensity) and moment 107

1 (velocity field) maps of the CND on the lines CS (J = 2− 1) 108
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(A) CS (J = 2− 1) moment 0

(B) H13CN (J = 1− 0) moment 0

(C) Cross sect. in CS (J = 2− 1)

(D) CS (J = 2− 1) moment 1

(E) H13CN (J = 1− 0) moment 1

Fig. 1. (A) Moment 0 maps of the central 0◦.4× 0◦.1 region around Sgr
A∗ in the CS (J = 2− 1) line by ACES. GLON and GLAT stand for l and
b, respectively. The structures discussed in the paper are illustrated. (B)
Same, but in H13CN (J = 1− 0). (C) Longitudinal cross section of CS
(J = 2− 1) moment 0 map across Sgr A∗. Note the central hole inside
the CND, which is enlarged in figure 2. Sharp negative peak is due to
absorption of the continuum from Sgr A∗. (D) and (E) Moment 1 maps
of CS (J = 2− 1) and H13CN (J = 1− 0) lines, respectively, in unit of m
s−1. Note the regular Galactic rotation with positive velocities at positive
longitudes and negative velocities at negative longitudes. Alt text: Moment
0 maps, intensity cross section, and moment 1 maps in the CS (J = 2−1)
and H13CN (J = 1− 0) lines in the central ±0◦.1 around Sgr A∗.

and H13CN (J = 1− 0). The CND draws an ellipse in the sky 109

with the major axis at a position angle PA ∼ 70◦ and a minor- 110

to-major axial ratio of b/a ∼ 0.2. The ellipse is associated with 111

several bifurcated arms trailing outward in the clockwise sense. 112

The north-east part of the ring is missing due to absorption against 113

the radio continuum of Sgr A, indicating that the upper side of the 114

ring is on the near side of Sgr A∗(Sofue et al. 2025a). 115

The interior of the ellipse at R<∼ 1.5pc is empty, which is more 116

clearly revealed by a cross section of the total intensity map along a 117

line at position angle = 95◦ (nearly parallel to the Galactic plane) 118

across Sgr A∗shown in figure 2. The sharp negative peak in the 119

center is due to absorption against the continuum of Sgr A∗. 120

The hole coincides positionally with the minispiral of the ion- 121

ized hydrogen gas. The electron density has been measured to 122

be ne ∼ 6× 103cm−3 as inferred from observations of the H92α 123

recombination-line (Zhao et al. 2009) and ∼ (7− 13)× 103cm−3
124

of the H42α line (Tsuboi et al. 2017). If a value of 104 H cm−3
125

is typical along the main minispiral arms, the total mass of ionized 126

hydrogen amounts only to ∼ 102M⊙• for three arms of 1.5 pc in 127

length and 0.2 pc in width. This is two to three orders of magni- 128

tude smaller than the mass needed to fill the hole by molecular gas 129

with a density comparable to that in the CND. 130

2.3 Position-velocity diagrams 131

In figure 3 we show the position-velocity diagrams (PVD) along 132

the major axis of the CND at position angle 70◦ across Sgr A∗
133

in CS, HCN and H40α lines. In the appendix (figure 20) we 134

show channel maps of the longitude and latitude-velocity diagrams 135

(LVD and BVD) in the CS (J = 2− 1) line. 136

The CND is recognized as the broad tilted ridge in the LVD and 137

PVD, obliquely crossing the horizontal ridges due to the fore and 138

background CMZ and Galactic disk. The LVD ridge has a mean 139

velocity gradient of dv/dl ∼ 9000 km s−1deg−1, as measured for 140

Arm VI (CND) in Paper I, corresponding to a value for a radius 141

∼ 2 pc ring rotating at ∼ 120 km s−1. The broad width of the 142

LVD ridge indicates a significant non-circular motion of the CND. 143

BVDs also show a similar property to LVDs, indicating a tilted 144

ridge. 145

2.4 CND and central cavity 146

In our previous paper (Sofue et al. 2025b) we have shown that there 147

are several arms in the CMZ, named Arms I to VII. The CND is 148

Arm VI, which is associated with the high-speed cloud G + 0.02- 149

0.02 + 100 km s−1and forms the same family with a fainter but 150

more coherent arm of radius 8 pc. So, the circum-nuclear region is 151

characterized by multiple rotating rings. 152

The simulation in the previous section also applies to the 8– 153

10 pc arm (ring) by taking the normalization length to ∼ 10 pc. 154

Accordingly, a spherical potential is again preferred in order to 155

keep the ring-like structure of Arm V. 156

The circum-nuclear disk has been known as the innermost mas- 157

sive molecular torus of several pc radius (Oka et al. 2011; Mills 158

et al. 2017; Tsuboi et al. 2018; Hsieh et al. 2021). The central 159

hole on the moment 0 map is well explained by the model of the 160

spherical potential, as shown by the cross section of the intensity 161

in Sgr A∗ in figure 4. The hole is clearly visible in the model for 162

the spherical potential but not for the disk and bar potentials. 163

It is important to emphasize that, as shown in figure 2 obser- 164

vationally, both a possibly optically thick CS (J = 2− 1) and a 165

definitely optically thin H13CN (J = 1− 0) lines show the central 166
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H13CN/CS ratio (contours=CS m0)

CS (J = 2− 1) m0 cross section.

Fig. 2. [Top] CS (J =2−1) moment 0 map of 0◦.5×0◦.3 region centered
on Sgr A∗. Note the "molecular hole" in the center. Contours are every
2.5 Jy beam−1km s−1. The blue mark indicates the position of Sgr A∗

at (l, b) = −0◦.055835,−0◦.046110) (Xu et al. 2022). [2nd] Same, but in
H13CN (J = 1− 0) line with contours every 1 Jy beam−1km s−1. [3rd]
HCN-to-CS moment 0 ratio with contours of CS moment 0 every 4 mJy
beam−1 km s−1. [Bottom] Longitudinal cross section in CS (J =2−1) line
showing a hole of molecular gas inside R <

∼ 1.5 pc. The sharp negative
peak at offset 0 is the absorption of the continuum emission from Sgr A∗.
Alt text: Moment 0 maps of the CND in CS (J = 2− 1) and H13CN (J =

1− 0) lines, and a cross section.

hole. The hole must be real and exist independently of the opacity 167

of the molecular line considered; even CS (J = 2− 1) becomes 168

invisible there. 169

2.5 The minispiral 170

The minispiral are high speed flows of ionized gas orbiting the 171

central supermassive black hole (SMBH) drawing three elliptical 172

orbits with Sgr A∗ being the common focal point (Tsuboi et al. 173

2017; Zhao et al. 2009). Their trajectories in the PV plane provide 174

useful kinematical information about the gravitational potential. 175

Figures 5 show the superposition of the CS and H40α line im- 176

ages of the minispiral and LVDs along the major axis of the CND. 177

The terminal velocity in the CS line is smoothly connected to the 178

high velocity envelope in H40α, which increases toward the nu- 179

cleus and is approximately traced by the Keplerian law for a point 180

mass of 4× 10 M⊙• at the center, as indicated by the white lines in 181

the bottom panel. 182

Figure 6 (top panel) shows the minispiral LVDs in the H40α 183

line at three different latitudes. The 2nd and bottom panels show a 184

simulation of the trajectories of test particles of a cloud orbiting in 185

the point-mass potential by LV and 3D projections, respectively. 186

3 Diagnosis of the shape of gravitational 187

potential by test-particle simulation 188

We examine the sphericity, oblateness, and triaxial ratios of the 189

gravitational potential in the circumnuclear region by simulating 190

the evolution of a molecular cloud. Compared with the moment 0 191

maps and PVDs of the molecular lines, we argue that a spherical 192

potential is preferable in the CND and the disk oblateness is mild 193

in the entire CMZ, but a strong bar may not apply. 194

3.1 Axial ratio of the potential 195

To examine the shape of the gravitational potential, it is convenient 196

to assume the following form (Binney et al. 1991), 197

Φ= 1/2 v20 ln
[∑

(xi/qi)
2
]
, (1) 198

where xi are the Cartesian coordinates of the particle and q = qx : 199

qy : qz gives the axial ratio of the potential. When the potential is 200

spherical with q=1 : 1 : 1, the circular rotation velocity is constant 201

(flat rotation). A potential with q = 1 : 1 : qz and qz < 1 represents 202

an oblate spheroid or a disk, and 1 : qy : qz with qy ̸= qz represents 203

a triaxial bar. 204

In the following, the coordinates are normalized by the radius, 205

r = 1, at which the circular velocity is also nomaralized to unity, 206

v = 1. The cloud is represented by an ensemble of many test par- 207

ticles centered on the initial orbit of radius 1. The test particles 208

are distributed in a small radius 0.1 times the orbital radius and 209

velocity dispersion 0.1 times the orbital (rotation) velocity at the 210

unit radius. Each test particle moves in a potential of the Galactic 211

bulge and the cloud’s gravity represented by a Plummer potential 212

of a scale radius 0.1, so that the Roche radius of the tidal force by 213

the bulge’s potential is about equal to 0.1. 214

3.1.1 Spherical potential - Coplanar rosette orbit 215

Figure 7 panel A shows the result for a spherical bulge potential, 216

showing the evolution of a cloud composed of many test particles 217

initially placed at a radius r0=(x0,y0,z0)=(1,0,0.3) and circular 218

rotation velocity v0 = (0,1,0), plotted every 0.1 rotation period. 219
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CS (J = 2− 1) H13CN (J = 1− 0)

H40α H40α+CS (J = 2− 1)

Fig. 3. [Top] Position-velocity diagrams of CS (J = 2− 1) H13CN (J = 1− 0) and H40α lines along the major axis of CND at position angle 70◦ (white
dashed line in the top panel of figure 1) (width 10 pixels for CS, HCN, and 40 pix for H40α). The horizontal axis is the offset from Sgr A∗, positive to the
east (left). [Bottom] PVD in CS by green overlaid with H40α by red. Alt text: PVD along the major axis of the CND.

The cloud orbit is circular in the (x,y) plane and draws a straight220

line in the (x,z) plane as projected on the sky, as shown in the 1st221

(top-left) and 2nd charts, respectively. The LVD and BVD show222

straight rigid body-like behaviors, as shown in the 3rd (bottom-223

right) and 4th charts.224

The cloud’s shape suffers from the tidal effect of the Galactic225

bulge and is stretched around the cloud center. It is disrupted in226

one orbital period and is stretched along the circular orbit, finally227

making a circular ring of radius 1. The projections onto the (x,z),228

(x,vy) and (z,vy) planes may be compared with the observed mo-229

ment 0 map, LVD and BVD in figures 1 3 and 20. Obviously, the230

present simple ring model cannot reproduce the detailed properties231

observed in figure 1, although the elongated shape in the sky and232

the tilted LV and BV ridges observed in figure 1 are not inconsis-233

tent with the simulation in figure 7.234

The next simplest model is a rosette orbit for a noncircular ini-235

tial velocity in the spherical potential. Figure 7 panel B shows the236

result for a cloud with the initial velocity oblique to the concentric237

circle starting from the same place as in panel A and traced for238

three orbital periods.239

The (x,y) projection exhibits a rosette orbit pattern, where the240

cloud is disrupted within one orbital rotation and is further elon-241

gated along the orbital trajectory. The (x, z) projection, which 242

corresponds to a projection in the sky, yields an elliptical structure 243

with a few bifurcated arms and an empty interior region, mimick- 244

ing the observed moment 0 map in figure 1. We point out that the 245

rosette orbit in the spherical potential is coplanar even if the (x,z) 246

projection shows such an elliptical structure. In the bottom chart 247

of figure 7 panel B, we confirm this by a 3D projection through the 248

orbital plane of the same simulation result. 249

The reason why the orbits remain in the initial coplanar plane is 250

that the epicyclic frequencies in the horizontal (radial) and vertical 251

directions are equal due to the spherical potential. The reason may 252

also be explained by the conservation of angular momentum in the 253

spherical potential because the gravitational force is kept always 254

radial. 255

The projections in the (x,vy) and (y,vy) planes, corresponding 256

to LVD and BVD, respectively, also reproduce the broad tilted PV 257

diagrams in figure 20, although the absorbed regions are not well 258

hidden by this simulation. 259

Note that the calculation here assumes collisionless particles. 260

More hydrodynamical treatment will cause spiral inflow reducing 261

to a ring. Point here is that the angular momentum is conserved 262

in a spherical potential, so that the orbit remain coplanar with the 263
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Radial profile
Obs. Sphere

disk Bar

Fig. 4. [Top left] Cross section of the moment 0 map from Sgr A∗ to SW at
PA = 240◦ showing a clear cut of intensity inside the CND. [Top right,
Bottom] Simulations for spherical, disk and bar potentials, respectively.
The central deep hole is reproduced only by the spherical potential. Alt
text: Cross section of the moment 0 map across Sgr A∗ compared with
the simulated cross sections.

central hole being maintained.264

3.1.2 disk potential265

We then examine non-spherical potentials, which do not seem to266

explain the observations. Figure 7, panel C, shows the result of the267

evolution of a molecular cloud with the same initial condition as268

in figure 7 panel B, but in disk potentials with 1 : 1 : 0.6, and the269

evolution is traced for 6 orbital periods. The bottom panel is a 3D270

projection, demonstrating that the orbit cannot be coplanar because271

of the non-centrally directed force in the disk potential, which does272

not guarantee the angular-momentum conservation. Therefore, the273

(x, z) projections, corresponding to the intensity distribution on274

the sky, do not produce the tilted ring structure with a central hole.275

Comparing the result with the observations in figures 1 and 2 we276

conclude that a disk potential may not be a suitable approximation277

for the central few pc region of the Galaxy.278

The reason why the orbits do not remain in the initial coplanar279

plane is that the epicyclic frequencies in the horizontal (radial) and280

vertical directions are different, so that the nodal points precede281

fast around the center. This is also explained by a rapid precession282

of the rotation axis around the Z axis and variation of the angular283

momentum.284

3.1.3 Bar potential285

Figure 7, panel D, shows the result for the same initial condition as286

in figure 7 panel B, but in bar potentials with q=1:0.8 :0.8. Due to287

the non-centrally directed force in the bar that does not guarantee288

the conservation of angular momentum, the orbit cannot remain289

in a coplanar sheet. The bar potential causes stronger precession290

of the rotation axis in the x, y and z axes, producing different291

epicyclic frequencies in the three directions and a more uniform292

Fig. 5. [Top] Moment 0 map of the minispiral in H40α line. [Middle] Same,
but with contours overlaid on the moment 0 CS (J =2−1) map of the CND.
[Bottom] LVDs of the minispiral in H40α and CND in CS (J = 2− 1)Ṫhe
lines indicate Keplerian RC for a black hole with mass 4× 10M⊙• . Alt text:
Moment 0 maps of minispiral, the same but overlaid on CND, and overlay
of H40alpha and CS LVDs.
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Fig. 6. [Top] RGB overlay of LVDs at different high, mid. and low lati-
tudes, respectively, in H40α of the minispiral. [Middle] Simulated PVDs
of 3 clouds of test particles around a point mass projected on the (x,vy)

and (y,vx) planes. [Bottom] 3D projection of the orbits in the (x,y,z) coor-
dinates. Alt text: PVDs in the CS and H40α lines in different colors around
the minispiral. [Middle] PVD by test particle simulation and [bottom] 3D
orbits.

distribution of the trajectories. Compared with the observations, 293

we conclude that the bar potential is also not likely in the central a 294

few pc region of the Galaxy. 295

3.2 Constraint on the potential shape 296

In figure 8 we summarize the simulated results for an orbiting pe- 297

riod of ∼ 10 rotations, which corresponds to ∼ 3 Myr at R ∼ 3 298

pc (CND). After many runs of the test particle simulations with 299

different values of qx and qz , we obtained the following condition 300

for the central potential to reproduce the observed properties of 301

the CND. Note that we use the CMZ or the CND as a non-self- 302

gravitating probe to diagnose the external gravitational pontential 303

of the Galactic bulge or the nuclear stellar cluster (NSC) and a 304

massive black hole. 305

i) Spherical potential is preferred to keep the ring structure of 306

the CND flat even though the orbits are highly eccentric (Sofue et 307

al. 2025b). This applies also to the minispiral, each arm of which 308

traces an ellipse, not mixed to become a 3D cloud. 309

ii) In a disk potential, the angular momentum of the flow is 310

not conserved unless the disk is perfectly parallel to the potential 311

plane. This results in a fat disk with a thickness equal to the height 312

of the orbit. The central hole disappears when the disk is projected 313

in the sky because of the mixing of nodal points. The entire CMZ 314

may be in this category. The disk potential should be sufficiently 315

round with qz >∼ 0.95. 316

iii) A bar potential disturbs the ring shape more strongly as a 317

result of the angular momentum exchange. In order to keep the 318

central hole on the sky for more than a few orbital rotations (∼ 0.1 319

My), the two axial ratios must be qz >∼ 0.95 and qx >∼ 0.95. 320

Figure 9 summarizes the final shape of the ’disc’ in the sphere, 321

disk, and bar potentials. From (i) as above, we conclude that the 322

gravitational potential in the central ∼ 10 pc of the Galaxy is al- 323

most spherical, having (an) axial ratio(s) greater than 0.95 to re- 324

produce the central cavity structure of moment 0 projected on the 325

sky and the observed LVD and BVD. This is consistent with the 326

observed infrared luminosity distribution in the central ∼ 10 pc 327

(Fritz et al. 2016; Gallego-Cano et al. 2020). From (ii) and (iii) we 328

may also conclude that the potential containing the entire CMZ is 329

an axisymmetric disk or at least it is not a strong bar. 330

This conclusion will be used as the basis for using the rotation 331

curve to calculate the mass distribution in the central region in the 332

next section. We mention that the present argument applies to 3D 333

potentials, but if the potential is assumed to be 2D or axisymmetric 334

as employed in some simulations, the disk is kept flat by definition 335

(no z extent). 336

A concern to be kept in mind is that the simulation does not 337

take into account the gaseous properties such as the pressure and 338

inelastic interaction between the elements. The former acts to ex- 339

pand the disk, whereas the latter works oppositely. Therefore, we 340

should consider the result to be qualitative, while the general prop- 341

erty of the potential shape does not vary significantly. 342

3.3 Line profiles 343

In addition, the detailed shape of each line is also useful for con- 344

straining the model. The large widths of the spectral profiles are 345

shown to manifest the kinematical properties of the gas clouds that 346

rapidly rotate around the GC at Vrot ∼ 100− 150 km s−1(Sofue 347

et al. 2025b). Figure 10 compares the observed line profile of the 348

eastern clump of CND with the simulated results. 349

The CS profile exhibits a typical lopsided and broad spectral 350
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A. Sphere B. Sphere, Rosette

C. disk D. Bar

Fig. 7. [A] Circular coplanar orbit in a spherical potential with q = 1 : 1 : 1. starting at (x,y,z;vx, vy, vz) = (1,0,0.3;−0.3,1,−0.4). [B] Coplanar rosette
orbit in a spherical potential for q = 1 : 1 : 1, starting at (1,0,0.3;−0.3,1,−0.4) [C] Evolution of molecular cloud in disk potentials with q = 1 : 1 : 0.6 starting
at (x,y,z,vx,vy,vz) = 1,0,0.3,−0.3,1,−0.3). [D] Non-coplanar orbits in a bar potential for q = 0.8 : 1 : 0.8. Alt text: Test particle simulation of evolution
of a cloud in various potential.
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Moment 0 LVD BVD

Fig. 8. Summary of the simulation compared with the observation. A spherical potential is preferred to keep the ring shaped CND on the sky. disk and
bar strongly disturb the orbits, and the centrally holed ring totally disappears in ∼ 0.5 My. [Top] Observed moment 0 map in the CS line by integrating the
emission along the LV ridge, LVD, and BVD. [2nd] Simulation in a spherical potential for ∼ 10 rotations, reasonably reproducing the observation. [3rd] disk
potential (q = 1 : 1 : 0.8) is not satisfactory to explain the observation. [Bottom] Bar (1 : 0.8 : 0.8), ibid. Alt text: Summary of simulation compared with
observation.
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Fig. 9. [Top to 3rd] 3D plots of the test particles with initial position and
velocity at ∼(1.0, 0.0, 0.3: 0.3, 1.0, -0.5) in spherical (q =1:1:1), disk
(1:1:0.6) and bar (1:0.6:0.6) potentials, respectively. [Bottom] Schematic
summary of the final 3D shape of a disk put in a spherical, disk or bar
potential. ’Sphere’ applies to the CND orbiting in the central cluster and
massive black hole, where a tilted disk or a ring can remain flat due to the
conservation of angular momentum. ’Disc’ may apply to the entire CMZ,
but (strong) ’bar’ may not apply in the GC. Alt text: Summary of simulation
about the final shape of a disk in different external potentials.

Line profile
Obs. Sphere

(A) (B)

disk Bar

(C) (D)

Fig. 10. [A] CS (J = 2− 1) line spectrum of the eastern arm of CND. [B]
Simulated profile for spherical potential, [C] disk, and [D] bar. Alt text:
Simulated line profiles compared with the observation.

shape typical for a receding side of a rotating disk, showing a 351

sharp cut at the positive terminal velocity, representing the rota- 352

tion velocity, and extended outskirts toward the negative velocity. 353

The simulated profile for the coplanar rosette orbit (panel C) in the 354

spherical potential seems better than the others which all exhibit 355

narrower line widths. This confirms the conclusion of the previous 356

subsection. 357

4 Rotation curve of the GC 358

We describe the terminal velocity method using the LVDs, and 359

apply it to the CS (J = 2− 1) and H40α line data to obtain the 360

rotation curve of the CMZ and CND. Based on the argument in 361

the previous section that the central potential is nearly spherical, 362

the rotation curve will be used to derive the mass distribution. 363

4.1 Terminal velocity method 364

The rotation curve is the most fundamental tool for measuring the 365

mass distribution in a disk galaxy (Sofue & Rubin 2001; Sofue 366

2017; Sofue 2020). In this section, we apply the RC analysis to di- 367

agnose the mass distribution and potential nesting of the CMZ, 368

which is a typical rotating disk. Among a variety of methods 369

to measure the rotation velocity, the terminal (tangent) velocity 370

method is the most popular and accurate for a gas disk. 371

The terminal velocity, Vterm, was measured as follows: 372

[Envelope trace method] A simple method applied to H40α 373

LVD is the envelope tracing method, which trace the contour 374

drawn at a critical intensity and the errors are given half and twice 375

the intensities of the critical intensity. The critical intensity here 376

was taken three rms. 377

[Gaussian deconvolution of line profiles] A more precise 378

method, which we used for the CS (J=2−1) lines, is the Gaussian 379
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deconvolution of each line profile. The center velocity of the high-380

est velocity component is taken as the terminal velocity. Line381

width is adopted as the standard error of the terminal velocity382

δVterm.383

The absolute values of thus determined terminal velocities are384

plotted as a function of the distance from Sgr A∗ as shown in fig-385

ure 11. Finally, the raw plots of the terminal velocities are av-386

eraged in each Gaussian bin (here 0.5 pc) of the distance at ev-387

ery 0.5 pc to obtain a rotation curve, Vrot(R). The standard de-388

viation of the Gaussian running average in each bin is taken as389

the error of RC, δVrot. The rotation velocity is nearly constant at390

Vrot ≃ 120 km s−1 in the central several pc.391

4.2 Relation of the terminal and rotation velocities392

Eccentric motion is ubiquitous in the CMZ as inferred from the393

line-of-sight velocities of ±several tens km s−1observed at l ∼ 0◦394

caused by the extended gravitational potential (Kruijssen et al.395

2015; Sofue et al. 2025b). It is therefore often argued that the396

terminal velocity does not necessarily represent the rotation veloc-397

ity due to the bar potential, where the orbit is not perfectly circular.398

We here argue that the terminal velocity represents the rotation ve-399

locity in case of a rapidly rotating circumnuclear disk.400

The tangential velocity observed as the terminal velocity in the401

line spectrum of a gas element in an eccentric motion orbiting the402

Galactic potential is given by403

Vterm =ΩR+κ r sinκt, (2)404

where Ω = Vrot/R is the angular frequency of the Galactic rota-405

tion, and κ and r are the epicyclic frequency and radius, respec-406

tively, and t is the time. In the Galactic disk, a number of gas407

elements are rotating as ensembles with different epicyclic fre-408

quencies, radii, and phases. Due to the ergodic theorem, the av-409

erage over the rotational behavior of many individual gas elements410

should result in an estimate of the rotation curve as411

⟨Vterm⟩= ⟨ΩR+κ r sinκt⟩t ≃ ΩR= Vrot(R), (3)412

where the epicyclic term disappears in a couple of rotations or in413

t∼ 0.1− 0.2 My. Therefore, we may safely assume that the mea-414

sured Vterm represents Vrot(R) in the present circumstances.415

4.3 Rotation curves416

Figure 11 shows a PVD of the H40αline near Sgr A∗, showing the417

high-velocity motion of the minispiral. Using the envelope-tracing418

method, we determine the terminal velocities and plot them in the419

lower panel of the figure. The full line shows the Keplerian law420

due to the central supermassive black hole with a mass of MBH =421

4.2×106M⊙• (Ghez et al. 2008). The innermost terminal velocities422

within R<∼ 1 pc well fit this Keplerian motion.423

Figure 11 shows a CS (J = 2− 1) LVD covering the entire424

ACES field from l = −0◦.6 to +0◦.9 (120 pc), where the con-425

tours are drawn at I = 0.05 Jy beam−1, approximately following426

the terminal velocity. The bottom panel shows the rotation curve427

in CS (J=2−1) obtained by applying the Gaussian deconvolution428

method.429

We then combined the H40α and CS (J =2−1) rotation curves430

to obtain a unified RC of the CMZ, as shown in figure 12. The top431

panel shows the terminal velocity diagram, and the second and432

third panels show the results after Gaussian running average in the433

radius direction. The rotation curve is well fitted by a superposi-434

tion of two velocity components of the SMBH and the CMZ disk435

with a constant rotation velocity represented by436

VBH =GMBH/R= 131.1 km s−1 /
√
X (4) 437

and 438

VCMZ ≃ 100 km s−1 X/
√

1+X2, (5) 439

which is equivalent to a potential given by by 440

Φ(X) = 1/2v20 log(1+X2). (6) 441

The rotation velocity is given by 442

Vrot =
√

V 2
BH +V 2

CMZ, (7) 443

where X =R/1 pc and MBH = 4× 106M⊙• (Ghez et al. 2008). 444

5 Mass distribution 445

Using the rotation curve and assuming that the gravitational po- 446

tential is nearly spherical, we derive the mass distribution in the 447

GC. 448

5.1 Mass, density and surface density by spherical 449

assumption 450

We infer from the test particle simulations that the morphological 451

and kinematical properties of the CND are reasonably explained 452

by a gas flow orbiting in a spherical potential and drawing a copla- 453

nar rosette pattern. Non-spherical gravitational potentials due to a 454

disk or a bar cannot reproduce the observed molecular-line mor- 455

phology in the sky. On the basis of this result, we discuss the 456

mass distribution in the circumnuclear region by using the rotation 457

curve. Given the spherical potential, the rotation curve of the cen- 458

tral bulge is obtained using the terminal velocity along the Galactic 459

plane. 460

On larger scales, infrared surface photometry indicates that the 461

scale radii of the luminosity profile in the longitude and latitude 462

directions are on the order of ∼ 0.5 at R ∼ 50− 100 pc (Schödel 463

et al. 2014). So, even in a larger scales such as in the bulge, the 464

photometric shape is mild showing a a fat disk. Considering the 465

long-range gravitational force, this means that the gravitational po- 466

tential is nearly spherical in the central ∼ 100 pc. 467

In this section, we try to determine the enclosed mass within a 468

radius R using the rotation curve obtained in the previous section, 469

assuming that the potential is spherical, and derive the distributions 470

of mass, density, and surface density in the GC. 471

The mass within R is assumed to be given by 472

M(R) =RV 2
rot/G. (8) 473

The volume density is calculated by 474

ρdyn(R) = 1/(4πR2)dM(R)/dR, (9) 475

and the surface density is obtained by 476

Σ(R) = 2

∫ ∞

0

ρdyn(
√

z2 +R2)dz, (10) 477

or approximately 478

Σ(R)∼M(R)/(πR2), (11) 479

where R is the GC distance in the Galactic plane and z is the height 480

from the plane at radius R. 481

Figure 13 shows the calculated distributions of the total mass, 482

volume density and surface density, using equations 8, 9 and 11, 483

respectively. The total mass distribution is consistent with the cur- 484

rent photometric measurements of the circum nuclear stellar clus- 485

ter (CNS) and central bulge in infrared emissions shown by the 486



12 Publications of the Astronomical Society of Japan (2024), Vol. 00, No. 0

Fig. 11. [Top] Position-velocity diagrams of H40α and CS (J = 2−1) lines at position angle 70◦ with a contour at several rms noise to approximately trace
the termminal velocities. [Bottom left] Rotation curve (terminal velocity) of the minispiral using PVDs in the top panel. Triangles and dots are obtained by
the Gaussian deconvolution and envelope tracing method, respectively. The straight line represent a Keplerian motion around the Sgr A∗. [Bottom right]
RC in the CMZ derived by CS (J = 2−1) LVD by Gaussian deconvolution. Alt text: [Top] LVDs in H40α and CS (J = 2−1) with one contours representing
the terminal velocities. [Bottom] Rotation curves of the minispiral and the CMZ.

thick green line as plotted for comparison from the literature (Fritz487

et al. 2016; Gallego-Cano et al. 2020). It also smoothly continued488

to the Galactic dynamical mass distribution calculated for the in-489

ner RC of the Milky Way plotted by triangles (Sofue and Kohno490

2025). The red line represents the mass distribution calculated for491

the model RC given by equation 7.492

5.2 Comparison with model potentials assumed in the493

simulations494

There are two basic models to represent the central gravitational495

potential: the cusp type and the finite-density type.496

An example of a cusp (Φ ∼ log R) type assumes a potential of497

the form given by 1, which produces a constant circular velocity498

(flat RC) and a cuspy profile of the central density as ρ ∝ R−2
499

(Dale et al. 2019; Kruijssen et al. 2019).500

The finite-density type includes the Plummer potential and ex-501

ponential, de Vaucouleurs, and / or Sersic-type density profiles502

(Ridley et al. (2017) and the articles cited in Section 1). This type503

of potential yields a mild and finite density at the nucleus. The504

rotation velocity is zero at the center and increases linearly with505

radius, showing a rigid-body RC.506

Figure 14 shows the comparison of the observed distribution of507

the dynamical mass inside the CMZ with the theoretical models508

adopted in the current simulations (McMillan 2017; Ridley et al.509

2017). The dots are plots as calculated in this paper using the ob-510

served rotation curve. In terms of the comparison here concerned,511

the cusp model (ρ∝R−1) seems preferable to represent the poten- 512

tial in the central region of the CMZ. 513

6 Stability of the rotating gas disk in the 514

derived potential 515

Using the rotation curve and potential, we argue that the gas disk 516

is dynamically stable against star formation in the central ∼ 10 pc. 517

6.1 Tidal enhancement vs suppression of star 518

formation 519

A rotating gas disk in the Galactic gravitational potential suffers 520

from various external forces that either compress the gas and en- 521

hance star formation or dilute it to suppress star formation. 522

Various origins of protostellar clumps are proposed, such as 523

gravitational instability in a uniform medium with small perturba- 524

tions, external compression by galactic shock waves, compressing 525

trigger by explosive events, or cloud-cloud collision. However, 526

regardless of the origin of a gas clump, the final decision for 527

the clump to become a ’proto-stellar cloud’ depends simply on 528

the gravitational stability of the clump and on whether the self- 529

gravitational force exceeds the thermal pressure and external dis- 530

turbances. This stability is most commonly examined by the Jeans 531

criterion. It is stressed that the Jeans instability gives the necessary 532

condition for the clump to grow to a star, but is not the sufficient 533
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Fig. 12. H40α (triangles) + CS (J = 2− 1) (dots) line terminal velocity
curve (rotation curve) of the CMZ in semilogarithmic scaling. The curve
represents calculated Vrot using equations 4 to 7. Alt text: Rotation curves
from the minispiral to CMZ in semilogarithmic and linear scaling.

condition. On the other hand, Jeans stability is a sufficient condi-534

tion for the clump not to form a star.535

6.2 Tidal disruption of a cloud536

We study the tidal effect of the Galactic potential on a molecu-537

lar cloud, by performing an order-of-magnitude estimation, The538

Roche radius for an object of mass m orbiting in the potential is539

given by540

r ∼ [m/M(R)]1/3R. (12)541

In case of a molecular cloud of mass m∼ 104M⊙• located at R∼ 3542

pc, for example, the Roche radius is r ∼ 0.5 pc and the critical543

density is ∼ 2× 104 H2 cm−3. In figure 7 we show the evolution544

of the tidal deformation and disruption of a cloud orbiting at R=3545

pc, which initially was given a radius r = 0.1R = 0.3 pc and a546

velocity dispersion σv = 0.1Vrot = 10 km s−1representing a cloud547

of mass m=rσ2
v/G∼0.7×104M⊙• and nH2 ∼103 H2 cm−3. The548

simulation reveals that a cloud is easily stretched and destroyed in549

the deep potential.550

6.3 Tidal-Jeans (TJ) instability551

The Jeans length and mass of a proto-stellar molecular cloud552

formed in a gas cloud of density ρ ∼ 105 H2 cm−3are of the553

order of λJ ∼ 0.1 pc and MJ ∼ 1M⊙•. However, the tidal force554

due to the central bulge suppresses its growth. This is simply be-555

cause the orbital period in the background potential is shorter than556

the Jeans time in the cloud. This is equivalent to the comparison557

of the Roche radius to the Jeans length, or to the Coriolis force558

Fig. 13. [Top] Enclosed mass M(R) calculated for the RC in figure 11
(black dots). Measurements from the literature are summarized by Fritz
et al. (2016), falling along the green thick line. The mass distribu-
tion in the Galactic disk is also plotted by diamonds (Sofue and Kohno
2025). [Middle] Volume mass density ρmass calculated for M(R). [Bottom]
Surface mass density Σmass approximately calculated using equation 11.
Alt text: Radial distributions of the total mass, volume and surface densities
in the CMZ.
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Fig. 14. Derived mass density distribution (dots) compared with the cusp-
type potential used in the hydrodynamical simulation (Ridley et al. 2017).
Small triangles are density distribution in the Milky Way (Sofue and Kohno
2025). Alt text: Derived mass distribution compared with a cusp-type po-
tential used in a simulaiton.

stronger than the self-gravitational force.559

We here discuss a modification of the linear gravitational in-560

stability of a molecular cloud using the dispersion relation for561

the Jeans criterion in a rotating system (Chandrasekhar 1954;562

Chandrasekhar 1961), which is written as563

ω2 = c2sk
2 − 4πGρ+4Ω2, (13)564

where ω and k are the angular frequency and wavenumber, respec-565

tively, of the linear perturbation represented by δρ∝ exp(ωt−kr),566

ρ is the gas density, cs is the sound velocity, and Ω = R/Vrot =567

2π/trot is the angular velocity of the rotating system with trot be-568

ing the period of rotation. This equation is equivalent to the disper-569

sion relation taking into account the tidal effect (Jog 2013) written570

as571

ω2 = c2sk
2 − 4πGρ+T, (14)572

where T = −∂2Φ/∂r2 is the external tidal acceleration per unit573

distance and Φ is the gravitational potential in which the cloud574

orbits, and if the orbit is circular its angular speed is equal to Ω.575

We comment that equations 13 and 14 treat the tide as purely576

radial (spherical), which is assumed in the present circumstance.577

However, if the potential is not spherical, for example a disk578

(Kruijssen et al. 2019), the cloud is compressed in the vertical579

direction by the vertical gravity of the disk and is further tidally580

streched vertically, the former enhancing star formation, but the581

latter suppressing.582

Equation 13 yields the modified critical wavelength correspond-583

ing to ω2 = 0, which we call the tidal-Jeans (TJ) wavelength,584

λTJ = 2π/kTJ = λJ

[
1−Q2

TJ

]−1/2
, (15)585

where586

QTJ = 2ΩtJ (16)587

is a tidal-Jeans Q value defined by the ratio of the free-fall time, or588

Jeans time, of the cloud589

tJ = 1/
√

4πGρ (17)590

to the free-fall time tff ∼1/Ω in the external potential of the galaxy,591

and592

λJ = 2πcstJ (18)593

is the Jeans wavelength. The tidal-Jeans mass is then given by594

MTJ =MJ

[
1−Q2

TJ

]−3/2
, (19) 595

where 596

MJ = (4π/3)(λJ/2)
3ρ. (20) 597

is the Jeans mass. 598

When the wavelength λ and the mass M are smaller than these 599

critical values, specifically if λ < λJ or M <MJ, then ω is imag- 600

inary, leading to a stable oscillation of the perturbation. If vise 601

versa, ω is real and the perturbation grows, the system is unsta- 602

ble. It is stressed that equation 15 has no solution, or the system is 603

stable when 604

QTJ > 1, or tJ > 1/2Ω, (21) 605

or when the Jeans time is longer than the galactic rotation period, 606

regardless of the sound velocity or regardless of wavelength and 607

mass. Equation 21 can be read as 608

R<RT = 2tJVrot = 2Vrot/
√

4πGρ, (22) 609

so, the gas disk is stable within a critical radius RT, depending on 610

density and rotation velocity. For Vrot = 120 km s−1, we have 611

RT ∼ 14(ρ/105µH2 cm−3)−1/2 [pc], (23) 612

where µ= 1.38 is the correction for heavy elements. 613

For convenience in presenting the analyzed results, we intro- 614

duce the parametric wavelength λ∗ and mass M∗ normalized by 615

the critical tidal-Jeans values corresponding to a sound velocity of 616

cs = 1 km s−1 , which are used in the plots in figure 15: 617

λ∗(ρ) = λTJ/(cs/1 km s−1 ), (24) 618

and 619

M∗(ρ) =MTJ/(cs/1 km s−1 )3. (25) 620

6.4 Tidal-Jeans criterion in Keplerian potential around 621

the SMBH 622

Although trivial, it is interesting to point out that the radial transi- 623

tion of the TJ criterion becomes more sensitive to the GC radius if 624

we assume a steeper potential such as that by a point mass. This 625

effect becomes critical near the central SMBH at R <∼ 2 pc. In 626

figure 17 we compare the dependency of the MTJ curve between 627

the flat rotation as discussed in this paper and that calculated for 628

a Keplerian rotation around the SMBH. The curves are shown for 629

five different gas densities, increasing every 10 times from the top 630

to bottom curves for 5 orders of magnitude. 631

6.5 Toomre’s stability of a rotating disc 632

Although essentially the same as the Jeans criterion, the stability 633

of a self-gravitating disk in rotation has been analyzed in terms of 634

surface density (Toomre 1964). Although an exact analysis does 635

not apply here because the external potential is stronger, here we 636

try to estimate the effect of the tide on the stability of the disk. The 637

dispersion relation for an axisymmetric density perturbation in a 638

thin disk is given by 639

ω2 = c2sk
2 − 2πGΣgk+κ2 (26) 640

where κ is the epicyclic frequency and Σg is the surface density of 641

the gas disk (Binney & Tremain 2008). The critical wavelength is 642

given by 643

λQ = 2π/k = (2c2s/GΣg)[1±
√

1−Q2]−1, (27) 644

where 645
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Fig. 15. [Top] L∗ = λTJ/(cs/km s−1) and [bottom] M∗ =

MTJ/(cs/km s−1)3 for gas densities from nH2 = 103 (top right
curve) to 108µ (bottom left curve) H2 cm−3, with thick curve for 105µ

H2 cm−3. Galactic rotation velocity is Vrot = 120 km s−1 . Note the
tilted belt covered by the strongly curved region from outer horizontal to
inner vertical lines, which we call the "T-Jeans transition region". Alt text:
Normalized TJ length and mass against R for various gas densities.

Fig. 16. [Top] L∗ = λTJ/(cs/km s−1) and [bottom] M∗ =

MTJ/(cs/km s−1)3 for gas densities from nH2
= 104 (top right

curve) to 106µ (bottom left curve) H2 cm−3using the observed rotation
curve. Alt text: Normalized TJ length and mass for various gas densities
using the observed rotation curve.

Fig. 17. [Top] Normalized TJ mass of a gas cloud with density from 103

(uppermost curve) to 107 (lowermost curve) normalized density, orbiting in
a potential with flat rotation curve. [Middle] Same, but around a point mass
with Keplerian orbit. [Bottom] Same, but a Keplerian by point mass + flat
rotation. Alt text: Normalized TJ mass for flat rotation curve and Keplerian
rotation curve.

Q= csκ/πGΣg (28) 646

is the Toomre’s Q value. If Q> 1, equation 26 has no solution and 647

the disk is stable (oscillation as ∝ exp i|ω|t), while if Q < 1 the 648

disk is unstable (growing as ∝ exp |ω|t) and radially fragmented 649

by self-gravity. 650

In the present case of CND, where the rotation curve is flat, 651

we may approximate the epicyclic frequency by κ ∼
√
2Ω = 652√

2Vrot/R. In figure 18 we plot the Q value as a function of R 653

for a gas density ρ∼ 105 H2 cm−3, assuming that the thickness of 654

the disk varies as h ∼ 0.1R, which yields Σg = ρh ∝ R. The gas 655

disk is shown to be stable inside R<∼ 1.4 pc, where Q≥ 1. Outside 656

1.4 pc, the disk is unstable and the critical wavelength of growing 657

instability decreases with the radius as shown in the bottom panel 658

of figure 18. 659

However, we note that the Q value analysis is valid only for 660

an infinitesimally thin disk with axisymmetric fragmentation into 661

rings. In addition, the external potential, which is treated mixed, 662

may act to further stabilize the disk. In fact, the calculated value of 663

the wavelength is unreasonably small to be on the order of ∼ 10−3
664

pc, which is due to the assumed condition that the sound velocity is 665

small, the disk is thin, and there are no other velocity dispersions. 666

Furthermore, in order to discuss star formation, we need to further 667

test the fragmentation of individual rings into proto-stellar clouds 668
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Fig. 18. [Top] Toomre’s Q value for a constant rotation velocity Vrot = 120

km s−1, nH2 = 105 H2 cm−3, cs = 1 km s−1, and the disk thickness is
one tenth the radius, h = 0.1R (Σg = ρh). The disk is stable inside R ∼ 4

pc where Q ≥ 1 for any wavelength. [2nd] critical wavelength λQ against
R. The disk is stable for a wavelength below the line. Alt text: Toomre’s Q

plotted against R.

in the azimuthal direction. So, we must be careful to apply it to669

the present circumstance, where the disk thickness is comparable670

to the radial extent,671

6.6 Suppression of star formation672

In order to visualize the Jeans stability of a molecular cloud due to673

the tidal effect, we plot in figure 15 the normalized TJ length and674

mass, λ∗ and M∗, as a function of the galactocentric distance, R,675

for various densities from ρ = 104 to 108 H2cm−3 , assuming a676

constant rotation velocity of Vrot = 120 km s−1.677

The figures tell us that the density perturbation does not grow678

at any wavelength and mass, if the rotation period of the system is679

sufficiently shorter than the Jeans time, or tJ > trot, and regardless680

of the sound velocity.681

On the other hand, if tJ < trot, the critical tidal-Jeans length682

and mass tend to the Jeans wavelength and mass, and the values683

become dependent on the sound velocity.684

For example, if we take ρ = 105µ H2 cm−3, as shown by the685

thick line in figure 15, the gaseous system inside a critical radius of686

RT ∼ 14 pc is stable at any sound velocity. Outside of the critical687

radius, the system is unstable at a wavelength of λ∗ > 3 pc and a688

mass of M∗ > 100M⊙• for ρ=105 H2 cm−3. If the sound velocity689

is cs ∼ 0.1 km s−1, clouds with a mass greater than ∼ 0.1M⊙• can690

grow.691

We stress that the tidal suppression is effective only inside the692

critical radius, e.g. at R<∼ 14 pc for a cloud 105 H2 cm−3, but out-693

side the radius the disk stability/instability is subject to the usual694

Jeans criterion. In fact, a moderate or slightly higher star forma-695

Fig. 19. [Top] Same as figure 18, but using the observed RC for ρ =

104, 105, 106 H2 cm−3. [Bottom] Same, but λQ. Alt text: Toomre’s Q

plotted against R for observed rotation curve.

tion efficiency has been obtained in the entire CMZ (Battersby et 696

al. 2025). 697

Also note that the present analysis applies to a spherical system. 698

If a disk potential is assumed, as simulated for the mid-CMZ re- 699

gion (Kruijssen et al. 2019; Dale et al. 2019), the vertical tide, or 700

the vertical gravitational force, acts to compress the cloud/disk in 701

the vertical direction and enhances star formation. 702

6.7 Effect on the circumnuclear IMF 703

Another interesting issue is the unpredictable behavior of the tidal 704

effect in the “transition region" in the plots λ−R and MTJ−R in 705

figures 15 and 16, where the curves suddenly turn from horizontal 706

(outside RT) to vertical (inside RT). In this region, the molecular 707

gas is neither stable nor unstable regardless of its high density. It 708

happens that MTJ varies inside a proto-cluster cloud if its size is 709

comparable to R. 710

Suppose an extremely high density cloud of ρ ∼ 106 − 108 H2 711

cm−3 and cs ∼ 0.1 km s−1with a size comparable to orbital ra- 712

dius of R ∼ 1− 10 pc, the T-Jeans mass, which defines the cutoff 713

mass, is variable inside the cloud from solar to high mass. This 714

variable cut-off point for lower-mass clumps in some parts of the 715

same cloud leads to a shallower initial mass function (IMF). 716

It is interesting to point out that a “top-heavy" IMF is indeed ob- 717

served in the GC Arches Cluster G+0.12+0.02(Hosek et al. 2019) 718

and in the Quintuplet cluster G+0.15-0.05 (Hussmann et al. 2012). 719

However, it may be less likely that these cases are explained by 720

tides alone because the clusters are located at projected distances 721

of ∼ 25− 30 pc from Sgr A∗, outside the tidal transition radius. 722

6.8 Magnetic effect 723

In the presence of a magnetic field B, the dispersion relation 724

for a perturbation perpendicular to the field lines is written as 725
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(Chandrasekhar 1961)726

ω2 = (c2s + c2A)k
2 − 4πGρ= 0, (29)727

where cA =cos θ B/
√
4πρ is the Alfvén velocity with θ being the728

angle between the magnetic field and the direction of contraction.729

This increases the critical wavelength in the direction perpendicu-730

lar to the magnetic field without change of the horizontal lengths,731

and the critical mass increases accordingly. The magnetic strength732

in the GC has been measured from radio continuum observations733

to be B ∼ 1 mG (Heywood et al. 2022), which yields cA ∼ 4 km734

s−1, leading to a horizontal wavelength λBJ ∼ 0.4 pc and mass735

Mmag−J ∼ 45M⊙• for nH2 ∼ 105 H2 cm−3. So, the formation736

of solar-mass stars is possible from a sheet produced by an initial737

vertical condensation of wavelength λJ, which increases the local738

density to cause perpendicular fragmentation of a sub-solar mass739

clump.740

6.9 Suppression of cloud collision741

Cloud collision is often argued to trigger star formation in interstel-742

lar space (Fukui et al. 2021). The collision requires a head-on orbit743

between the two clouds with zero angular momentum. However, a744

straight orbit is prohibited in the GC because of the strong Coriolis745

force. In the rotating disk, an object orbits around its guiding cen-746

ter at the epicyclic frequency κ∼
√
2Ω and radius r∼R(v/

√
2V )747

with v being the local velocity about the guiding center (velocity748

dispersion). Once a collision has occurred, the two clouds have749

had to meet repeatedly in the past every tcol ∼ tepi = 2π/(
√
2Ω).750

For a velocity dispersion v ∼ 20 km s−1 and R ∼ 10 pc, for ex-751

ample, we have r ∼ 1.2 pc and tcol ∼ 0.4 My. Therefore, the752

two clouds have been binary and the motion is a straight oscilla-753

tion when they are observed in the coordinate system rotating at κ.754

This analysis applies to any cloud-cloud collision candidate in the755

Galaxy, but it is particularly serious in such a rapidly rotating disk756

as is considered here. So, the triggered star formation by cloud757

collision is not effective in the GC.758

6.10 Feedback from the environment759

In addition to tidal and magnetic suppression of density fluctua-760

tions growth, various mechanisms are considered to act to disturb761

and heat the molecular gas against gravitational contraction in the762

central few pc of the nucleus, such as stellar winds from the ex-763

tremely large number of stars inside each fluctuation, supernova764

explosions, and AGN activities around Sgr A∗. Although these are765

beyond the scope of this paper, we mention that the formation of a766

star in the circumnuclear region requires an extraordinarily strong767

mechanism to compress the protostellar gas clump.768

6.11 Tidal dam toward starburst769

Due to suppression of star formation, the gas that has become stag-770

nant is trapped in the circumnuclear region, forming a super-high-771

density ring-shaped torus. Tidal forces act as embankments in a772

dam. However, when the amount of gas in the torus exceeds its773

limit and this dam breaks, a starburst occurs, whereas some non-774

gravitational compression to conquer the tide has to be activated775

to form a star. This is a contradictory requirement because the col-776

lision that is anticipated for shock compression is prohibited, as777

discussed above. Thermal instability may be a possible source of778

compression, although it is beyond the scope of this paper.779

7 Summary and Conclusion 780

We have shown that the observed characteristics of the circumnu- 781

clear gas disk in the CS (J = 2− 1) line are explained only when 782

the gravitational potential of the central bulge is nearly spherical, 783

where the rosette orbits are coplanar. We determined the rotation 784

curve in the CMZ, which is nearly flat at Vrot ∼ 100 km s−1, and 785

derived the distribution of the mass, which is approximately repre- 786

sented by M(R)∼ 3×106(R/1 pc)M⊙• at R>∼ 2 pc. This made it 787

possible to analyze the stability of the molecular gas in the GC us- 788

ing the modified Jeans instability in a rotating system. We showed 789

that the molecular gas is stable against gravitational fragmentation 790

for star formation in the circumnuclear region inside the threshold 791

radius (R <∼ 14(ρgas/10
5µH2cm

−3)−1/2 pc), where the star for- 792

mation is suppressed and the SF law may be modified to have a 793

top-heavy IMF. 794
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Appendix 1 Longitude-velocity (LV) and 911

latitude-velocity (BV) channel diagrams in the 912

CS (J = 2− 1) line. 913

Channel maps of the LVD and BVD in the CS (J = 2−1) line are presented in figures 914

20. 915
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CS (J = 2− 1) channel LVD chnnel BVD

H40α channel LVD

Fig. 20. [Top]Channel LVD (left) and BVD (right) of the circum-nuclear region in the CS (J = 2− 1) line from ACES. [Bottom] Channel maps LVD of the
minisrpial in the H40α line.Alt text: [Top] Channel LVD and BVD of the CND in CS (J = 2− 1)[̇Bottom] LVD of the minispiral in H40α.


